Differential scanning calorimetry (DSC) was applied to elucidate the thermal behavior of fowl feather keratins (barbs, rachis, and calamus) with different morphological features. The DSC curves exhibited a clear and relatively large endothermic peak at about 110-160 C in the wet condition. A considerable decrease in transition temperature with urea and its helical structure content estimated by Fourier transform infrared spectroscopy (FT-IR), and the disappearance of one of the diffraction peaks with heating at 160 C for 30 min, indicated that DSC could be used to evaluate the thermal behavior of keratin. Barbs showed a lower denaturation temperature than rachis and calamus. The pulverized samples showed a slightly higher denaturation temperature than the native samples. In the dry condition, thermal transition occurred in a markedly higher temperature region close to 170-200 C. It is hence concluded that fowl feather keratins have very high thermal stability, and that the elimination of water brings about even greater thermal stability.
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Key words: keratin; thermal stability; differential scanning calorimetry (DSC); Fourier transform infrared spectroscopy (FT-IR); X-ray diffraction Feather proteins are highly insoluble in normal protein solvents and indigestible by proteases due to the large degree of crosslinking by cystine residues and hydrogen bonds, as Akahane et al. reported that the amino acid composition of feather keratins showed high contents of serine, proline, glycine, and cystine.
1) The primary structures of feather keratins have been studied by using the main component obtained from those samples by S-carboxymethylation and enzymatic digestion. A comparison of the sequences of the main component from the five species, fowl, duck, pigeon, kite, and pheasant, has shown that sequences of 80-97 amino acid residues long were common to all species with 82% similarity.
2) Attempted prediction of the secondary structure of the sequence from fowl keratin by the methods of Lewis et al. 3) and Chou and Fasman 4, 5) indicated that the -sheet content of this region was about 30%, and that such other structures as turn and coil covered the remaining parts.
2) Tsuboi et al. have reported from the results of infrared and Raman microscopy that the anti-parallel pleated sheet and unordered structural contents were respectively about 50%, 6) although the details of the structures have not yet been elucidated. Two types of physical models for feather keratin have been proposed to accommodate most of the pertinent X-ray diffraction and electron microscopic data. One is a netlike array of ellipsoidal particles, [7] [8] [9] and the other is an arrangement of helical structures. 10) As an extension of the latter, Fraser et al. have proposed a twisted-sheet model for the fibrous structure of feather keratins from X ray diffraction data, which consists of units of a pleated sheet containing four chains and forming a helical structure. 11) Filshi and Rogers have reported on the basis of electron microscopic examination that feather calamus contained microfibrils approximately 30
A in diameter embedded in an amorphous matrix. 12) But, the true chain configuration based on the sequences and its arrangement within the fibrous structure of fowl keratin still remain to be elucidated.
These peculiar and stable structures of feather keratin suggest that its thermal transition probably occurs at a considerably higher temperature than that of the other proteins, if indeed it occurs at all, but no research has been reported so far on the thermal behavior of feather keratin. In this study, therefore, differential scanning calorimetry (DSC) was applied to elucidate the thermal behavior of fowl feather barbs, rachis, and calamus with different morphological features, and to investigate the strong effect of water on this thermal behavior.
Materials and Methods
Sample. Barbs, rachis, and calamus ( Fig. 1) obtained from the feathers of female White Leghorn chickens by y To whom correspondence should be addressed. Fax: +81-42-360-8830; E-mail: k-taka@cc.tuat.ac.jp Abbreviations: DSC, differential scanning calorimetry; FT-IR, Fourier transform infrared spectroscopy cutting with scissors were thoroughly defatted with ethanol and ether. The defatted samples were immersed again in ethanol, which was progressively replaced with water by a stepwise-decrease in ethanol concentrations of 80%, 60%, 40%, and 20% to obtain wet samples. These wet samples were lyophilized to obtain dry samples. Pulverized wet samples were prepared by pulverizing the wet samples 10 times with a Polytron (Kinematica, Luzern, Switzerland) in an ice bath at 24,000 rpm for 30 sec, with a 60-sec interval between each pulverization, and the filtering (no. 101 filter paper, Advantech, Tokyo, Japan). This study used wet samples, dry samples, and pulverized wet samples.
Differential scanning calorimetry (DSC). DSC of the wet samples, urea-treated samples, pulverized wet samples, and dry samples was performed with a SSC-5020 DSC 100 apparatus (Seiko, Chiba, Japan) as described by Takahashi et al., 13) except that a heating rate of 5 K/min was used. A silver sample capsule (15 l) was pretreated at 250 C for 20 min to prevent any exothermal effect from the capsule at around 170 C. A sample (about 3 mg dry basis) was loaded into the capsule, and pressed with a silver disc (0.2 mm thick) to bring the sample into full contact with the bottom of the capsule before sealing it. Water and an empty capsule were used for the wet samples and dry samples respectively as references. After the DSC run, the lid of the capsule was removed with a clean nipper. The opened capsule and contents were dried at 110 C for 8 h, and then incinerated at 550 C for 8 h. The sample weight in the capsule was determined from the reduced weight after incineration,.
X-ray diffractometry. X-ray diffractometry of the rachis sample was carried out by an X-ray diffractometer (Rint Rapid, Rigaku Co., Tokyo, Japan) with a copper target at 40 kV and 36 mA producing CuKa of 1.54
A, collimator of 10 m dia., and a goniometer oscillating 0 -30 about the w axis and À20 -20 about the axis. Data were recorded with an imaging plate system and collected for values of 2 between 7 and 60 . The excess water on the surface of the wet rachis and heated rachis (at 160 C for 30 min) was wiped off with filter paper, and X-ray diffractometry was completed within 10 min after quickly mounting one piece of the rachis sample on the sample stage.
Fourier transform infrared spectroscopy (FT-IR).
Rachis was treated by immersion in 2, 4, 6, or 8 M urea at 40
C for 4 h, and then carefully sliced with a surgical knife. A slice (about 0.5 g) was quickly mounted on a diamond window (3 mm in dia.) for permeation measurement. The spectrum was quickly recorded by a Jeol JIR-5500 FT-IR spectrometer equipped with a microfacility and MCT detector. Background measurements were taken using a small amount of each urea solution at the same concentration as that used for treating the sample. For each spectrum, a 100-scan interferogram was collected at 4 cm À1 resolution, and apodised with a triangular function to give the spectrum in its transmission mode. The second-derivative spectrum was obtained using GRAMS/32 ver. 5.0. Smoothing was accomplished with a nine-point Savisky-Golay function, and the secondary structural contents were estimated from the peak area of the second-derivative spectrum using a base line drawn through the peak by the SaviskyGolay method. The peaks in the wavenumber region of 1,600-1,700 cm À1 were generally assigned according to the result of Dong et al., 14) as follows: 1,656 cm À1 , helix; 1,632 cm À1 , 1,641 cm À1 , and 1,695 cm À1 , -sheet; 1,668 cm À1 and 1,686 cm À1 , turn; 1,616 cm À1 , others. But, in this experiment the peak at 1,656 cm À1 was assigned to a helical structure shown in the twisted-sheet model indicated by Fraser et al., 11) because there is no report of feather keratin having an -helix, while the peak at 1,660 cm À1 appearing for urea-treated rachis was assigned to be derived from the peak at 1,656 cm À1 . FT-IR spectra for the dry calamus were also obtained by heating at 5 C interval for 10 min from 80 C to 200 C according to the method described above.
Analytical methods. The amino acid compositions of the barbs, rachis, and calamus were determined as described previously.
15) The amount of solubilized keratin was determined by the micro-biuret method.
16)

Results and Discussion
Features of the fowl feather preparations The moisture level of the barbs, rachis, and calamus obtained from the wet samples by lyophilization was determined to be 6.3%, 8.2%, and 9.2% respectively, by drying at 110 C for 8 h. The amino acid compositions of the barbs, rachis, and calamus demonstrated the absence of hydroxyproline and hydroxylysine (Table 1) , indicating no contamination by other dermal scleroproteins like collagen. All the samples showed a high content of cystine (41-44 residues/1,000 residues), whereas lanthionine artificially converted from cystine was not detected. These samples had very high contents of serine, proline, and glycine (143-152, 104-124, and 113-136 residues/1,000 residues respectively), whereas there was a very small content of methionine in barbs and rachis, and it was absent in calamus. The amino acid composition is similar to that of the whole fowl feather reported by Akahane et al.
1) The solubility of barbs in 50 mM glycine NaOH buffer containing 5 mM CaCl 2 and NaCl (pH 11) at 40 C and 50 C for 12 h was determined by the micro-biuret method, 16) and showed only 0.85% and 1.65% at each temperature, indicating a high resistance to solubilization. Such high insolubility or stability of fowl feather keratin was thought to be due mainly to many intra-and inter-molecular disulfide bonds.
Thermal behavior in the wet condition The endothermic transition of fowl feather rachis in water occurred in a considerably higher temperature region of 110-160 C with two endothermic peaks than those of globular proteins and scleroprotein such as collagen (Fig. 2 and Table 2 ). The lower temperature peak (peak 1) was relatively weak and broad in shape, whereas the higher one (peak 2) was strong and sharp. Since the enthalpy for peak 2 was 4 times as much as that for peak 1, peak 2 is considered to be the main thermal transition for fowl feather rachis. After the first DSC run, the sample was quickly cooled to room temperature, and the second run was done. The DSC curve of the second run indicated no endothermic peak (Fig. 2) . Hence the endothermic transition detected is considered to be irreversible. Immersion of rachis in 2-8 M urea at 40 C for 4 h resulted in a marked decrease in the transition temperature and enthalpy with increasing concentrations of urea ( Table 2) . The relationship between the transition temperature (peak temperature, Y) and the urea concentration (X) can be expressed by the following regression equation with a high correlation coefficient:
For the transition enthalpy (Y), the following regression equation was obtained: Y ¼ 0:272X 2 À 3:16X þ 17:4 (R ¼ 0:920). These concentration-dependent decreases suggest that urea destabilized the higher-order structure of rachis, probably due to destruction of hydrogen bonding. FT-IR was applied to evaluate changes in the secondary structure of rachis resulting from the urea treatment. The second-derivative FT-IR spectra of the native and ureatreated rachis showed obvious absorption peaks in the wavenumber region of 1,550-1,750 cm À1 of amide I (Fig. 3) , which was assigned to helical (1, 650 11) The secondary structural contents of native rachis indicated a -sheet content of about 78%, which is considerably higher than the value predicted previously, 2, 6) probably due to a difference between the result based on the whole sequence of keratin by FT-IR and the result based on the partial sequence from the enzymatic digest that was predicted from its primary structure and from the results of Raman microscopy. Figure 4 indicates that the helical structural content of native rachis was markedly decreased by the urea treatment, and that a slight decrease in the -sheet structure and a large increase in the turn structure occurred. Since the helical structure has been proposed to be an internal structure constituting units of a fibrous structure, 11) distortion of the helix is considered to have After immersing rachis in 2-8 M urea at 40 C for 4 h and slicing it, a slice was quickly mounted on a diamond window. A 100-scan interferogram was quickly collected at 4 cm À1 resolution and apodised with a triangular function to give the spectrum in the transmission mode. The second-derivative spectrum was obtained by using GRAMS/32 ver. 5.0, and smoothing was accomplished with a nine-point Savisky-Gloay function.
Fig. 4. Effect of Urea on the Secondary Structural Contents of Rachis
Estimated by FT-IR. , -sheet; , helical; , turn; , others. The secondary structural contents were estimated from the peak area of the secondderivative spectrum.
brought about disarray of the helical and fibrous structural arrangement, probably resulting in the reduced thermal stability evaluated by DSC. The X-ray diffractogram of native rachis showed three small diffraction peaks at 2 10.1 , 20.6 , and 41.5 (Fig. 5 ). This indicates that rachis had fibrous structures with an ordered arrangement and packing, this being related to the arrangement of microfibrils in feather which was found to be less ordered than that in wool. 12) But, the rachis sample heated at 160 C for 30 min, at which temperature the endothermic transition observed by DSC had completely ceased, showed disappearance of the diffraction peak at 20. 6 (spacing, d ¼ 4:31 A). The diffraction peaks at 10.1 and 41.5 remained, presumably due to the high thermal stability of the structure, rich in intra-and inter-disulfide bonds. It is considered from these results that DSC can be used to evaluate the thermal behavior on denaturation of higher-order structures of rachis keratin stabilized with hydrogen bonds that constitute an ordered molecular arrangement.
DSC for barbs and calamus of fowl feathers in water showed similar thermal denaturation to rachis with two endothermic peaks, whereas the higher-temperature peak (peak 2) of barbs was about 8 C (Tp) lower than that of rachis and calamus (Fig. 6 and Table 2 ). As already described, these keratin molecules had similar amino acid composition (Table 1) , and similar Nterminal region, central region, and C-terminal region. 2) Therefore, the different denaturation temperature for barbs is considered to possibly have been caused by differences in morphological structure such as molecular arrangement and packing, and not by a difference in the protein molecule itself. Since both rachis and calamus constitute the shaft part of the feather, these are considered to have substantially similar structural stability. The enthalpy of barbs and rachis was almost the same, whereas that of calamus was considerably less (Table 2 ). Since the pulverized calamus contains powdery parts that were mostly lost during filtration, resulting in a substantial decrease in the enthalpy as described in the thermal behavior of pulverized calamus, the powdery parts are considered to be amorphous. The very low enthalpy of calamus is thus believed likely to have been caused by its higher content of amorphous components than those in rachis. The DSC curves for the pulverized samples in water are shown in Fig. 6 . The lower-temperature peak (peak 1) apart from that for calamus, was reduced or disappeared, and the higher-temperature peak (peak 2) shifted to a higher temperature region when compared with the results for the native samples ( Table 2 ). This suggests that shear loading resulting from pulverization might have induced an ordered molecular rearrangement of the fowl feather keratin molecules to provide slightly higher stability. In case of calamus, the powdery parts and needle-like parts were formed by pulverization, but the powdery parts could not be recovered, because they stuck to the filter paper. Consequently, the pulverized calamus sample was composed mostly of the needle-like parts. Since the denaturation temperature of the pulverized calamus was similar to the native value, these needle-like parts are considered to play an important role in the thermal transition of an ordered structure. That is, the powdery parts are substantially amorphous. The enthalpy values for the pulverized samples were similar except for calamus, which had a much higher enthalpy (about twice as high) due to its lack of powdery parts.
Thermal behavior in the dry condition
In the dry condition, the endothermic peaks on the DSC curves for the fowl feather keratins (6.3-9.2%, moisture) were in a considerably higher-temperature region, close to 170-200 C, than those for the wet samples (about 110-160 C) (Fig. 7 and Table 3 ). In this higher-temperature region, the following inseparable reactions could generally be considered to take place while heating a biopolymer under normal conditions: (1) changes in the higher-order structure, (2) cleavage of the main chain and/or its limited recombination, and (3) thermal decomposition of the biopolymer containing its compositional unit residue and/or oxidative degradation with an infinite exotherm. All the fowl feather keratins (2-3 mg) heated to the conclusion temperature of the endothermic peak by the DSC apparatus were dissolved in water (50 ml) at room temperature for 2 min with vigorous stirring, but the dissolved protein could not be determined for each sample. It is thus considered that the peptide bond of the keratins was not sufficiently cleaved during the endothermic transition, suggesting that the endothermic peak corresponds with the detection of reaction 1. The second-derivative FT-IR spectra of calamus were obtained with heating from 80 C to 200 C (Fig. 8) . The absorption peak at 1,626-1,628 cm À1 , which was assigned to the -sheet, decreased markedly from 180 C to 200 C, corresponding to the temperature region of the endothermic transition detected by DSC. It is thus considered that DSC can be used to evaluate the thermal phase transition of the higher-order structure of feather keratin, such as disordering of its fibrous structure, while minimizing the occurrence of the second and third reactions. The remarkable increase in thermal transition indicates a very strong effect of water on the thermal stability of the higher-order structure. Since such marked effects of water on thermal transition have also been reported for several proteins, 17, 18) and starch, 19) this phenomenon is considered to be common to general biopolymers, and to be caused by an increase in thermal stability with a decrease in mobility due to the elimination of moisture. In the case of rachis, the endothermic process was inseparably linked to complicated exothermic peaks. But since the exotherm returned to the base line at about 210 C, this might have been caused by some rearrangement of the higher-order structure with higher thermal stability and not by oxidative degradation of the keratin molecule. This peculiar thermal behavior should be investigated further.
